Introduction: Basal metabolic rate (BMR) or sleeping metabolic rate (SMR) is the largest component of total energy expenditure (EE). An accurate prediction of BMR or SMR is needed to accurately predict total EE or physical activity EE for each individual. However, large variability in BMR and SMR has been reported. Objectives: This study was designed to develop prediction equations using body size measurements for the estimation of both SMR and BMR and to compare the prediction errors with those in previous reports. Methods: We measured body size, height, weight and body composition (fat mass and fat-free mass) from skinfold thickness in adult Japanese men (n ¼ 71) and women (n ¼ 66). SMR was determined as the sum of EE during 8 h of sleep (SMR-8h) and minimum EE during 3 consecutive hours of sleep (SMR-3h) measured using two open-circuit indirect human calorimeters. BMR was determined using a human calorimeter or a mask and Douglas bag. Results: The study population ranged widely in age. The SMR/BMR ratio was 1.0170.09 (range 0.82-1.42) for SMR-8h and 0.9470.07 (range 0.77-1.23) for SMR-3h. The prediction equations for SMR accounted for a 3À5% larger variance with 2-3% smaller standard error of estimate (SEE) than the prediction equations for BMR. Discussion: SMR can be predicted more accurately than previously reported, which indicates that SMR interindividual variability is smaller than expected, at least for Japanese subjects. The prediction equations for SMR are preferable to those for BMR because the former exhibits a smaller prediction error than the latter.
Introduction
There are three principal components of energy expenditure (EE) in humans: basal metabolic rate (BMR), thermic effect of food and EE of physical activity. The FAO/WHO/UNU expert panel (1985) adopted the principle of expressing the energy requirements of adults in terms of multiples of BMR. Thus, BMR is used to estimate 24-h EE and physical activity level (24-h EE divided by BMR).
Sleeping metabolic rate (SMR), similar to BMR, is approximately 60% of the total EE. Although both are measured in the supine position, SMR is measured during sleep whereas BMR is measured in the postabsorptive state when the subject is awake. They thus involve slightly different thermogenic processes. EE is lower during sleep than under BMR conditions (Garby et al., 1987; Goldberg et al., 1988; Seale and Conway, 1999; Zhang et al., 2002) , probably due to the absence of arousal and maybe to less body movement. Moreover, EE gradually increases after awakening (Kashiwazaki, 1990) . Therefore, SMR, not BMR, should be the minimum EE for humans. SMR may be measured more accurately than BMR as it is measured during sleep when there is no arousal. Also, SMR can be measured using equipment (e.g., a human calorimeter) that gives highly reproducible and accurate results (Murgatroyd et al., 1993) .
Many equations have been developed to estimate BMR or SMR from body size measurements (Cunningham, 1991; Frankenfield et al., 2005) , which can be helpful when actual metabolic measurements are not available. Their accuracy and applicability to specific ethnic groups must be considered. The body size of Japanese differs from that of other ethnicities (Popkin and Doak, 1998; WHO, 1998) . Most equations currently available apply to Caucasians (Frankenfield et al., 2005) . Studies have found that they are not applicable to nonwhite groups (Liu et al., 1995; Case et al., 1997; Yamamura and Kashiwazaki, 2002) .
We studied the association of SMR and BMR with body size and composition (anthropometry) in adult Japanese men and women who ranged widely in age. The purpose of this study was to develop simple-to-use prediction equations for both SMR and BMR and to compare the variability in prediction errors after adjustment for body size and composition with those found in previous studies.
Methods

Subjects
The data used for the current analysis were collected from different experimental studies that followed a similar methodology. All 137 apparently healthy Japanese subjects (71 male and 66 female subjects; X20 years) residing in the Tokyo metropolitan area were volunteers approached through personal contact, internet communication or poster advertisement. None had diseases that might affect metabolic rates. The study protocol was explained in advance to the subjects, who were instructed to eat a normal diet and do normal, but not vigorous, physical activity beginning 1 day before monitoring.
All studies were carried out in the National Institute of Health and Nutrition (Tokyo). The study protocol was approved by the Ethics Committee of the National Institute of Health and Nutrition. All of the subjects signed an informed consent form.
Study protocol
The indirect human calorimeter (IHC) data for SMR and BMR were obtained from several studies conducted at the National Institute of Health and Nutrition in Japan. Subjects entered the IHC at 1800-1900 on the study day, had dinner at 1830 or 1900, went to bed at 2300 after sedentary activities and slept until 0700 the following morning. Each subject was provided a standardized dinner to meet EE during the chamber stay using predicted BMR and an assumed physical activity level of 1.5. Energy intake at dinner was set as a third of the total energy. BMR was measured in the supine position and in the postabsorptive state (about 12 h after the last meal).
Measurements SMR was defined as the average EE of all EEs at 15-min intervals between 2300 and 0700 over an 8 h of sleep (SMR8h) and the minimum EE during 3 consecutive hours of sleep (SMR-3h) (Schrauwen et al., 1997; Westerterp-Plantenga et al., 2002) . Two open-circuit IHCs were used to evaluate SMR. Details of the IHC are shown elsewhere . In brief, the two respiratory chambers were airtight rooms (20 000 and 15 000 l, respectively) containing a bed, desk, chair, TV, etc. The temperature and relative humidity in the room were controlled at 251C and 55%, respectively. The O 2 and CO 2 concentrations of the air supply and exhaust were measured by mass spectrometry. For each experiment, a gas analyser (ARCO SYSTEM Inc., ARCO-1000A-CH, Kashiwa, Japan) was initially calibrated using a certified gas mixture and atmospheric air. The flow rate exhausted from the chamber was measured by a pneumotachograph (ARCO SYSTEM Inc., FLB1, Kashiwa, Japan). The flow meter was calibrated before each measurement, and the flow rate was fixed in both chambers. VO 2 and VCO 2 were determined from the flow rate exhausted from the chamber and the concentrations of the inlet and outlet air of the chamber, respectively . The values of VO 2 and VCO 2 were expressed under standard temperature, pressure and dry air conditions. EE was estimated from VO 2 and VCO 2 using Weir's equation (Weir, 1949) . The accuracy and precision of the IHC for measuring EE, as evaluated by the alcohol combustion test, were 99.270.7% in 6 h and 99.273.0% in 30 min, respectively.
BMR was determined in the postabsorptive state (12 h or more after the last meal) and in a supine position. The measurement was performed using a human calorimeter from 0715 to 0800, or using a mask and Douglas bag for 20 min with a minute of intermission. The detailed protocol is described in Yamamura et al. (2003) . To examine whether slightly different conditions caused a significant difference in the observed BMR, analysis of covariance with BMR as the dependent variable and gender, age, stature and body weight as covariates was employed. No significant effect of the measurement conditions was observed.
Anthropometric measurements. Body weight was measured to the nearest 0.1 kg and height to the nearest 0.1 cm using a stadiometer. Measurements were performed in light clothing and underwear. The light clothing was weighed and subtracted from the total to obtain body weight with minimal clothing (underwear). Triceps, subscapular and umbilicus skinfold thicknesses were measured by two trained observers using a standardized protocol and a Holtain caliper (Holtain Ltd, Crosswell, Crymych, Dyfed, UK). There were no significant inter-observer differences in any of the measurements. BMI was calculated as weight (kg)/height (m 2 ). Tahara's equations (2002) for Japanese adults were used to predict body density from the sum of skinfold thickness measurements, and the Brozek equation (1963) was used to estimate body fat percentage (% FAT) from the predicted body density.
Statistics. Results are presented as the mean7standard deviation (s.d.). The relationship between SMR, BMR and body size and composition measurements was examined using Pearson's correlation. Age and sex were adjusted for in partial correlation analysis. Stepwise multiple regression analysis was done to examine the predictors of metabolic rate. Statistical significance was set at Po0.05 for all predictors. Gender was treated as a binomial variable (0 for male subjects, 1 for female subjects). The % difference in prediction error was calculated as the residual divided by the measured value for each subject. Statistical analyses were performed using SPSS for Windows (version 11.0; SPSS Inc., Chicago, IL, USA). Statistical significance was set at Po 0.05.
Results
The study population consisted of adult Japanese men (n ¼ 71) and women (n ¼ 66) of a wide range of ages (Table 1) . The average height and weight of subjects in each age and gender group were similar to national standard heights and weights (The National Nutrition Survey in Japan, 2002). Although the age range was wide, variability in body size and composition was small.
BMR and SMR were highly correlated ( Figure 1 ). The SMR/ BMR ratio was 1.0170.09 (range 0.82-1.42) for SMR-8h and 0.9470.07 (range 0.77À1.23) for SMR-3h, which was not gender sensitive. On the other hand, the ratios (SMR-8h/ BMR and SMR-3h/BMR) were weakly correlated with age (r ¼ 0.38 and 0.36, respectively). SMR-3h was significantly lower than SMR-8h and BMR, whereas SMR-8h was not significantly different from BMR. In most cases, SMR-3h was observed during the latter part of the sleep cycle (2300-0700), around 0300-0600. The phase of the menstrual cycle did not affect BMR and SMR in women (data not shown).
Metabolic rate was strongly correlated with body size and body composition irrespective of age and gender. Metabolic rate was positively correlated with body weight (r ¼ 0.83, 0.85 and 0.79 for SMR-8h, SMR-3h and BMR, respectively). The strongest correlation of metabolic rate was with fat-free mass (r ¼ 0.85, 0.87 and 0.79, for SMR-8h, SMR-3h and BMR, respectively) after adjustment for age and gender.
A stepwise multiple regression analysis of predictors of metabolic rate (including height, weight, age and gender) revealed that weight was the strongest predictor of metabolic rate (Table 2) . Age, gender and height were additional predictors. These models accounted for 85.6% of the variance in SMR-8h (prediction error 6.7%) and 87.8% of the variance in SMR-3h (prediction error 6.2%). Adjustment for the predictors reduced the variance from 0.996 MJ/day to 0.385 MJ/day (238-92 kcal/day) in SMR-8h and 0.958-0.339 MJ/day (229-81 kcal/day) in SMR-3h. Adjustment for all predictors accounted for 83.4% of the variance in BMR (prediction error 7.3%) and reduced the variance from 1.084 MJ/day to 0.448 MJ/day (259-107 kcal/day). Fat-free mass was the strongest predictor of metabolic rate in stepwise multiple regression analysis using metabolic rate as the independent variable and fat mass, fat-free mass, age and gender as the dependent variables (Table 3) . Fat-free mass, fat mass and gender accounted for 86.7% of the total variation in SMR-8h (difference for prediction error 6.2%). Adjustment for the predictors reduced variance in SMR-8h from 0.996 MJ/day to 0.356 MJ/day (238-85 kcal/day). For SMR-3h, fat-free mass and fat mass accounted for 89.1% of the variation (difference in prediction error 5.9%) and adjustment for the predictors reduced variance in SMR-3h from 0.958 to 0.318 MJ/day (229-76 kcal/day). Adjustment for fat-free mass, fat mass, age and gender predicted 84.0% of the variance in BMR (difference in prediction error 7.6%) and reduced the variance from 1.084 MJ/day to 0.439 MJ/day (259-105 kcal/day).
The mean difference between predicted BMR using FAO/WHO/UNU equations and observed BMR was þ 0.51970.494 MJ/day ( þ 0.56570.556 MJ/day for male subjects and þ 0.46970.414 MJ/day for female subjects).
Discussion
This study was performed to develop predictive equations for SMR-3h and SMR-8h that predict SMR with much lower prediction errors than previously reported (Tataranni and Ravussin, 1995; Weyer et al., 1999; Nielsen et al., 2000; Henry, 2005) . The findings indicate that interindividual variability in SMR after adjustment for body size or body composition is much smaller than expected, at least in healthy Japanese adults.
BMR and SMR are measured in a similar manner, but BMR is slightly larger as SMR is measured only in part during sleep (SMR/BMR, 0.88-0.95) (Garby et al., 1987; Goldberg et al., 1988; Seale and Conway, 1999; Zhang et al., 2002; Kumahara et al., 2004) . The SMR-3h/BMR ratio in this study was in good agreement with those previous values, whereas SMR-8h was found to be slightly higher than the BMR. In the first hour of sleep, the metabolic rate was higher than BMR by an average of 20%, probably due to sleeping status and diet-induced thermogenesis. In addition, the metabolic rate during periods when body movements were observed using a radar system was excluded from the SMR calculation in some of the previous studies. Thus, evaluation methods appear to affect the slight discrepancy of the ratio between studies. BMR is measured in the morning hours when heat production increases after awakening (Garby et al., 1987) and causes gradual increases in resting EE (Kashiwazaki, 1990) . BMR and SMR (although measured in a similar manner) thus might represent different thermogenic processes.
Metabolic rates can be predicted using equations that involve body size and composition measurements. Many prediction equations are available for estimating metabolic rates, but their applicability to other ethnic groups is uncertain (Hayter and Henry 1993; Frankenfield et al., 2005) . In the present study, FAO/WHO/UNU equations overestimated BMR by more than 0.45 MJ/day on average, with a prediction error comparable to previously published reports.
We developed two types of equations using stepwise regression to predict metabolic rates in adult Japanese subjects ranging widely in age. The first equation uses weight and height, which are simple body size measurements that can be easily obtained in clinical as well as epidemiological settings. In this equation, body weight accounted for 65À75% of the variation in metabolic rates. Age, gender and height were additional predictors. The second equation uses fat-free mass, which is a more valid predictor than body mass of resting metabolic rate (RMR) because it is associated with a much higher rate of resting EE (Elia, 1992) . Sophisticated methods can be used to provide more insight into the metabolically active components of fat-free mass, such as the liver, heart and kidney, in relation to energy metabolism (Muller et al., 2002) , but their applicability to epidemiological studies is restricted. Anthropometry, a relatively simpler technique used to predict RMR, has an accuracy rate similar to that of more complicated techniques (Van der Ploeg et al., 2001) . In our equations, fatfree mass (measured using skinfold thickness) accounted for 84À89% of the variation in SMR, which is better than previously reported (Ravussin et al., 1990; Toubro et al., 1996; Weyer et al., 1999) . In addition, results for the BMR equations are in good agreement with those of others (Cunningham, 1991; Ravussin and Bogardus, 1989; Tataranni and Ravussin, 1995) . After fat-free mass, fat mass predicted metabolic rate, but accounted for less than 1% of variation in SMR. The relationship of age and gender with metabolic rates disappeared after adjustment for fat mass and fat-free mass, except for SMR-8h. Similar results have been reported showing that the effect of age and gender on metabolic rates is mainly due to fat-free mass (Ravussin et al., 1986; Astrup et al., 1990; Cunningham, 1991; Nelson et al., 1992) and fat mass (Dionne et al., 1999) .
Relatively smaller variations in body size and composition are observed in Japanese than in Caucasians or African Americans. Although the subjects varied widely in age (20À50 years), the variance (s.d.) in their weights were 11.5 kg (male subjects) and 9.2 kg (female subjects). These variations were much lower than reported in other studies. For example, although Weyer et al. (1999) worked with subjects with a smaller age range than in this study, the s.d. values of their weights were 25.9 kg (male subjects) and 26.3 kg (female subjects). A larger percentage of explained variance in metabolic rate calculated from an equation can be due to large variance in the body size of the study subjects. The percentage of explained variance thus does not necessarily indicate better prediction. Therefore, the two measures used to compare prediction errors were standard error of estimate (SEE) and percentage difference in the residuals. The SEE of both equations was lower than that reported by other studies, even those using sophisticated techniques.
The smaller prediction error indicates that variation in minimum metabolic rate (measured as SMR or BMR after adjusting for body size or composition) may be smaller than previously indicated. In general, the reported interindividual CV is about 8À13% (Shetty et al., 1996 , Muller et al., 2004 . For our SMR equations, the SEE was much lower than the SEE reported by Weyer et al. (1999) , which was based on fat-free mass measured using sophisticated methods. In Weyer's equation, age, impaired glucose tolerance and waist-to-thigh ratio were additional predictors. In the equation, the SEE was 0.611 MJ/day (146 kcal/day) and fat-free mass accounted for 0.808 MJ/day (193 kcal/day) of the total 1.347 MJ/day (322 kcal/day) variance. Similarly, the new Oxford equations (Henry, 2005) for prediction of BMR in tropical regions have reported an SEE of 0.5-0.7 MJ/day in age group and genderspecific equations, which is higher than our SMR equations. Tataranni and Ravussin (1995) also reported a higher SEE (0.703 MJ/day (168 kcal/day)) in BMR prediction equations, with fat-free mass accounting for 0.268 MJ/day (64 kcal/day) of the total 1.318 MJ/day (315 kcal/day) variance. A similarly high SEE of 0.753 MJ/day (180 kcal/day) in men and 0.628 MJ/day (150 kcal/day) in women was reported by Nielsen et al. (2000) , who developed equations that used dual-energy X-ray absorptiometry (DXA) measurements of fat-free mass. Bader et al. (2005) reported that s.d. of BMR adjusted for fat-free mass was from 0.81 to 0.92 MJ/day. Thus, most researchers have indicated larger interindividual variability in SMR or BMR compared to the SEE in the present study, particularly for SMR. Although the reasons are unclear, ethnicity may be an explanation. In addition, measurement of SMR using a human calorimeter is very accurate, particularly prolonged measurements (99.270.7% in 6 h), and may have contributed to the lower prediction error in our study.
One of the limitations of the present study was that a different method was used for measurement of BMR. This might partially explain why the SEE was greater for the BMR equation than the SMR equation. However, the study by Soares et al. (1989) showed that the energy outputs were comparable using different methods (e.g., whole-body indirect calorimetry) to measure metabolic rates. In the present study, the method used for measurement of BMR was also found to have no statistically significant effect on the metabolic rates and s.d. values for the difference between different BMR measurement groups were within 1%. Another limitation was the method of determining body composition using skinfold thicknesses. More sophisticated measures of body composition would have produced better results.
In conclusion, our equations, which use body size and body composition, are useful for estimating metabolic rates in the Japanese population. The prediction error of SMR was smaller than reported for BMR or SMR, which indicates small interindividual variability in SMR after adjustment for body size or body composition. When metabolic rates are needed to estimate 24 h EE or physical activity level, prediction equations of SMR (or, if necessary, the SMR/BMR ratio) should be used rather than BMR because SMR correlates very well with BMR and the SMR/BMR ratio is fairly constant.
